Introduction: Intra-medullary spinal cord tumours (IMCST) are relatively uncommon tumours of the central nervous system which can result in severe neurological disorder if untreated. Histologically, IMCSTs are often either biopsied or excised subtotal, but this may lead to early tumour recurrence and progressive neurological impairment. In an attempt to improve outcomes, the recent trend is to perform more radical tumour resection guided by intra-operative monitoring (IOM). However, there are no controlled studies comparing the resection of IMCSTs with or without IOM. In this single surgeon series, we analyse outcomes following optimal resection of IMCSTs in conjunction with IOM.
INTRODUCTION
Primary spinal tumours are characterised based on their location: extradural, intraduralextramedullary and intra-medullary. These tumours are not common, and constitute 2-4% of all central nervous system tumours 1 . Intramedullary spinal cord tumours (IMCSTs) are uncommon, accounting for up to 10% of intrinsic primary tumours of the spine. They arise anywhere from the cervicomedullary junction to the filum terminale of the spinal cord and often lead to severe neurological deficits. Of all adult IMCSTs, ependymomas are the most common (60%-70%), followed by astrocytomas (30%-40%). Other rarer IMCSTs include hemangioblastoma, metastatic disease and lymphomas [2] [3] [4] The median age of presentation for IMSTs is 35-40years-old 3 . They commonly present with spinal pain and limb weakness. Pain is often the earliest symptom, classically occurring at night when the patient is supine. Clinical examination may reveal a combination of upper and lower motor neuron signs. Impaired bowel, bladder, and sexual functions are affected in the more advanced stages of the disease. Lower motor signs occur at the level of the lesion and may aid in localisation of lesion. Ependymomas are slow growing tumours, and have a chronic history. In high grade astrocytomas, a more rapid progression of neurological deficits may occur. In hemangioblastoma, intra-tumoural haemorrhage can also lead to abrupt deterioration 3 .
Early diagnosis is important as adequate surgical removal for most tumours leads to a favourable functional outcome, with the exception of high grade astrocytomas. Magnetic resonance imaging (MRI) is the diagnostic modality of choice, however, the distinction between ependymomas and astrocytomas is often not possible based on imaging alone 5 . Traditionally these tumours have often been treated with biopsy or subtotal excision, but this may lead to early tumour recurrence and progressive neurological impairment. In an attempt to improve the outcome of these patients, a recent trend is to perform a more radical tumour resection.
Complete surgical excision is indicated in cases of ependymomas, whereas a more limited debulking of tumours is indicated in astrocytomas as they are infiltrative and often have a poor plane between tumour and normal spinal cord tissue. Given the difficulty differentiating ependymomas from astrocytomas based on intra-operative frozen section, the presence or absence of a clear surgical plane is usually the key determining factor in achieving the surgical goal. Intra-operative monitoring (IOM) consisting of somatosensory evoked potentials (SSEP) and motor evoked potentials (MEP) monitoring is a recent advancement believed to achieve a safer and more thorough resection. This enables the surgeon to achieve maximal excision of intraspinal tumours without compromising the neurological function of the patient 6, 7 . To our knowledge, there are no controlled trials comparing surgical resection of IMCSTs with and without IOM and case series remain few in the literature. Hence, we report our experience with IOM in the Asian setting.
METHODS

Patient Population
Thirteen consecutive patients, (mean age 36 years, range 12-60) with IMCSTs that underwent surgery at the Neurosurgery Department, Singapore General Hospital from 2006-2012 were included in this study. All operative procedures were performed by the same neurosurgeon and team using a standardised operative protocol. The volume of tumour resection was approximated by the surgeon intra-operatively and on the postoperative MRI imaging.
Both electronic and hardcopy case-notes were reviewed for all patients. The initial diagnosis of IMSCT was based on MRI spine findings. Records were reviewed for initial presenting complaints, extent of neurological deficits, surgical details, post-operative complications, histology, adjuvant treatment, and eventual outcomes. All patients were assessed neurologically and graded according to the Medical Research Council's power grading (Table 1 ) (please see overleaf ). The degree of tumour resection was classified as partial debulking or total/subtotal based on intraoperative observation. The pre-and post-operative MRI scans were also assessed, however, the authors acknowledged that it is difficult to do an accurate volumetric tumour analysis and validate this accurately as mentioned in other studies 8 . All patients were followed-up in the outpatient clinic (mean 3.2 years) with none lost to follow-up.
Neuromonitoring and Anaesthesia Technique
Conventional anaesthesia with halogenated volatile agents can interfere with SSEP and block MEPs in a dose-dependent fashion at cortical and spinal levels 9 . Special considerations must be made in terms of anaesthesia techniques to avoid interference with IOM. A standardised protocol was set out by the neurologist and neuro-anaesthetist team for patients undergoing spinal surgery with IOM as below 10 .
Two constant-current stimulators connected in parallel configuration from an electromyography machine (Dantec, Skovlunde, Denmark) were used to perform multi-pulse transcranial electrical stimulation. Contraindications to such stimulation are those with seizures, pacemaker, cranial surgery, or implants. An initial train of five square wave stimuli, 0.5 ms in duration, was delivered at 4 ms (250 Hz) interstimulus intervals. This was gradually Proceedings of Singapore Healthcare  Volume 22  Number 3  2013 increased from 50 mA in steps of 5 mA until a reproducible MEP was elicited, and subsequently fixed to 10% above this threshold intensity. MEP recordings were detected in the abductor halluces and tibialis anterior bilaterally with 13 mm disposable subdermal needles (Technomed Europe, Beek, Netherlands).
Sodium thiopentone and fentanyl were used for induction, and atracurium for endotracheal intubation. No further doses of neuromuscular blocking agents were used subsequently. Anaesthesia was maintained with total intravenous anaesthesia (TIVA) using an infusion regimen of 10 mg/kg of propofol for the first 10 minutes, 8 mg/kg for the next 10 minutes and 5 mg/kg thereafter for maintanence. Morphine was administered for pain relief as required to mitigate heart rate and blood pressure increases. Standard monitoring included electrocardiography, pulse oximetry, capnography, and direct radial artery pressures. Patients were maintained normotensive (mean arterial pressure range: 70-100 mmHg) and normothermic throughout the operation.
A train of four twitches assessment was performed using a nerve stimulator (Fischer Paykel NS242, United Kingdom) approximately 45 minutes postinduction. When these four amplitudes were similar, cortical stimulation was performed at an interval of three to five minutes apart. This was alternated with monitoring of SSEP from posterior tibial nerve stimulation to avoid interaction with MEP monitoring. Peak to peak amplitudes (between two largest peaks opposite in polarity) was utilised for all MEP responses. A 50% reduction of MEP amplitude was set as the theshold at which the neurosurgeons were informed.
For SSEP monitoring, stimulation of the median nerves at the wrist and posterior tibial nerves were used for upper limb and lower limb monitoring respectively. A ground plate electrode was placed between the stimulating and recording site. Stimulation of the posterior tibial nerve should produce either a plantar flexion of the great toe or cupping of the sole of the foot. The intensity ranged from about 20 mA for the median and 30 mA for tibial nerve stimulation at a frequency of 2.3 Hz. After stabilisation of anaesthesia, a baseline SSEP recording should be ascertained for subsequent comparisons before commencement of operative intervention. Similarly, a 50% reduction of baseline N20 (median) and P37 (tibial) amplitudes were set as the thresholds 10 .
Surgical Technique
Spinal surgery was performed in prone position with padding at pressure points. For cervical and high thoracic tumours, the head is immobilised using a Mayfield head holder, a gel roll was used to support the upper chest, and pillows were used to support the patients' hips. During surgery, the level of the tumour was localised with fluoroscopy and occasionally an intra-operative computed tomography was used. In the initial part of the surgical series, the author performed mainly laminectomies for exposure, but subsequently performed laminotomies to maintain the integrity of the posterior tension band structures. The laminotomy was performed by drilling out parallel troughs in the lamina bone. The supra/interspinous ligaments at one end were cut and the bone was reflected away. The pedicle of ligaments at the other end was maintained to maintain the vascular supply to the bone (at the end of surgery, the bone was re-attached down with sutures and small mini-plates). Upon adequate dural exposure, the dura was opened. A spinal cord myelotomy was made and standard microsurgical techniques were used in tumour debulking under the operating microscope. An ultrasonic aspirator was used to aid tumour debulking, with minimal cord manipulation used to achieve tumour resection.
IOM was utilised to help guide the aggressiveness of tumour resection. Based on our experience and recommendations from other series 9,10 , our protocol threshold was to stop surgical debulking when an amplitude drop in SSEP/MEP of greater than 50% than baseline was noticed intra-operatively. Warm saline irrigation and additional dexamethasone were administrated. Debulking could continue if there was improvement, but otherwise would be stopped if IOM recordings remained poor. IOM was performed from the start of the operation until skin closure.
Tumour specimens were sent intra-operatively for frozen section analysis. Results allowed the surgeon to determine the aggressiveness of tumour resection; i.e. radical resection in low grade tumours versus sub-total excision in high grade tumours. The patients were followed-up in our neurosurgical clinic with routine clinical neurological examination and yearly follow-up MRI scans.
RESULTS
Of the 13 consecutive patients, laminotomy was performed in five cases (patients 1, 6, 7, 10, 12) and laminectomy was performed in the remaining eight cases. Two paediatric patients (patients 2 and 9) with laminectomy had pedicle screw fixation for spinal stabilisation ( left lower limb weakness. On examination, he had a power of grade 4 in his left leg as well as reduced fine touch and proprioception. Other aspects of his neurological examination were unremarkable. MRI of the spine revealed a contrast enhancing intramedullary tumour from the level of C5 to T1 (Fig. 1) . CT scan of his thorax, abdomen, and pelvis revealed no other primary lesions. Neuro-monitoring was set up pre-operatively as per protocol. Baseline SSEP of his left lower limb was poor, while his right lower limb remained stable throughout the operation. Intra-operatively, a soft, greyish tumour with a poor plane between tumour and cord tissue was noted. Frozen section indicated a low grade glial tumour, without being able to differentiate between astrocytoma and ependymoma. While debulking, MEP amplitude was reduced by more than 50% of baseline and debulking was halted temporarily. As the readings did not recover, decision was made to stop the debulking, leaving some residual tumour behind. Post-operatively, power in his left lower limb dropped to grade 2 but gradually recovered to grade 3 on post-operative day seven. There was no change in power or sensation of his right lower limb. He subsequently underwent a period of intensive rehabilitation physiotherapy and at five months post-operation, he was able to ambulate with the aid of crutches. Final histology showed a grade 2 ependymoma.
DISCUSSION
IMSCTs are rare and only contribute to about 10% of all spinal tumours, but they often result in severe neurological deficits. Although patients with ependymoma mainly present with limb paraparesis, patients with high grade lesions such as astrocytoma have more rapidly progressive limb weakness and incontinence.
Early diagnosis and surgical resection of these tumours lead to favourable functional outcome with the exception of high grade astrocytoma. Low grade tumours such as ependymoma after total resection will rarely recur and neurological function will stabilise and even improve with physiotherapy, whereas in high grade tumours, they often recur with infiltrative lesions resulting in progressive loss of function 3 . Historically these tumours were managed with only biopsy or subtotal excision but often led to early tumour recurrence with progressive neurological impairment. The recent trend is to perform more radical tumour resection with the aim of achieving better functional outcome. The advent of IOM has been thought to be a valuable surgical adjunct.
IOM is a useful intra-operative adjunct that helps guide tumour resection. The aim of using IOM is to allow maximal tumour resection whilst minimising neurological morbidity. In the past, only SSEPs were monitored but this did not indicate the functional integrity of the motor pathways. This increases the risk of post-operative paraparesis whereby intraoperative SSEPs may not have dropped drastically. In this series, we utilised both SSEP and MEP monitoring to facilitate a more complete excision of intraspinal tumours.
Based on our experience and the other published series 11, 12 , surgical manipulation is halted when an amplitude decline in SSEP/MEP of greater than 50% of the baseline value is noticed intra-operatively. Warm saline irrigation, administration of additional dexamethasone, and raising blood pressure to improve blood perfusion, are techniques that can be utilised to allow evoked potentials to recover. In most instances, the amplitude drops are reversible, and tumour debulking can resume once recovery has occurred. However, surgical debulking is halted when there is sustained amplitude deterioration from baseline, as this indicates that the physical motor or sensory tract within the cord might have been compromised and any further manipulation can lead to significant post-operative deficits 6, 13 .
The rate of post-operative neurological deterioration reported in other cohort studies using IOM for IMSCTs resection is in the range of 14% to 34.8% 7, [14] [15] [16] . Our study group have comparable results in that neurological state improved or remained stable in 11 (85%) patients. However, two patients (patients 7, 8) (15%) had immediate post-operative neurological deterioration which improved eventually with physiotherapy. Both of these patients underwent radical resection of tumour and MEP was noticed to have dropped intra-operatively.
It has been shown that IOM is an effective and reliable method of monitoring spinal cord integrity with a sensitivity and specificity of 89% and 99% respectively 17 . A reduction in MEP amplitude intraoperatively correlates strongly with post-operative motor deficits 18 20, 21 .
Factors which increase the risk of such deformities include: young age, decompression involving the facet joints, and surgery at the cervico-thoracic junction which is subjected to a high degree of biomechanical stress 22 . Papagelopoulos et al 23 also suggested an increased incidence of post-operative spinal deformity in patients with more than two laminae removed or a facetectomy performed.
In a comparative study of paediatric patients with IMSCT resection by McGirt et al 24 , children who underwent laminotomy (replacement of the lamina/spinous process bone after surgery) were associated with a reduction in progressive spinal deformities requiring fusion compared to laminectomy patients. The evidence of laminotomies preventing post-operative deformity in adult patients is not as robust 25 . In our series, six patients had laminotomies performed, and none of them had new deformities on follow-up. With respect to the role of spinal instrumentation, in our study group two younger patients (patients 2, 9) had a laminectomy with pedicle screw instrumentation. This was because they both developed kypo-scoliosis pre-operatively. Thus, they underwent instrumentation to prevent future progressive spinal deformity and have done well post-operatively. In view of a significant percentage of patients needing complicated instrumentation, IOM may play a role in enhancing the safety during insertion of pedicle/lateral mass screws [26] [27] [28] [29] . If breaches in the bone occur, this can be detected early. This is an important area for future research.
Spine infection is one of the complications of surgery. From other series, the previous rates can be as high as 10% 30 . Superficial infection can usually be treated with antibiotics. However, if the infection is more deep-seated and extensive, a wound reopening and debridement is sometimes
